Combining trait and state model systems of psychosis: The eﬀect of sleep deprivation on cognitive functions in schizotypal individuals by Kumari, V et al.
Contents lists available at ScienceDirect
Psychiatry Research
journal homepage: www.elsevier.com/locate/psychres
Combining trait and state model systems of psychosis: The effect of sleep
deprivation on cognitive functions in schizotypal individuals
Eliana Faiolaa,⁎, Inga Meyhöfera, Maria Steffensa, Anna-Maria Kasparbauera, Veena Kumarib,
Ulrich Ettingera,⁎
a Department of Psychology, University of Bonn, Kaiser-Karl-Ring 9, Bonn 53111, Germany
b Centre for Cognitive Neuroscience, Department of Life Sciences, Brunel University London, Kingston Lane, Uxbridge UB8 3PH, UK





A B S T R A C T
Model systems of psychosis play an important role in pathophysiology and drug development research.
Schizotypal individuals display similar cognitive impairments as schizophrenia patients in several domains.
Therefore, schizotypy may be interpreted as a trait model system of psychosis. In addition, experimentally
controlled sleep deprivation is a putative state psychosis model that evokes subclinical psychosis-like states. We
aimed to further validate these model systems by examining them in relation to central cognitive biomarkers of
schizophrenia. Most of all, we were interested in investigating, for the first time, effects of their combination on
cognitive function. Healthy subjects with high (N= 17) or low (N= 19) levels of schizotypy performed a
cognitive task battery after one night of normal sleep and after 24 h of sleep deprivation. Sleep deprivation
impaired performance in the go/nogo and n-back tasks relative to the normal sleep control condition. No dif-
ferences between groups or interactions of group with sleep condition were found. The role of sleep deprivation
as a model of psychosis is thus supported to some extent by impairments in inhibitory control. However, classical
measures of cognition may be less able to detect deficits in schizotypy, in line with evidence of more basic
information processing dysfunctions in schizotypy.
1. Introduction
Model systems of psychosis are of use in improving our under-
standing of pathophysiological mechanisms of the disorder and in the
development of novel antipsychotic medications. One approach is to
generate trait model systems, e.g., studying a surrogate population con-
sisting of individuals scoring high on specific traits that resemble the
key symptoms of psychosis (Koychev et al., 2011, 2016). Another ap-
proach is to generate state model systems, that is, temporarily inducing
psychosis-like symptoms by means of behavioral or pharmacological
interventions (Corlett et al., 2016; Meyhöfer et al., 2016; Murray et al.,
2013).
A promising trait model system of psychosis is schizotypy, which is
defined as a set of personality features closely mirroring a wide range of
schizophrenic symptoms but at a subclinical level (Ettinger et al., 2014;
Nelson et al., 2013). Both schizotypy and schizophrenia are char-
acterized by a three-factor structure, including positive (e.g., magical
thinking), negative (e.g., anhedonia) and disorganized (e.g., poor con-
centration) dimensions (Liddle, 1987; Nelson et al., 2013).
Furthermore, schizotypy and schizophrenia overlap in terms of brain
structure (e.g., reduced grey matter volume in medial prefrontal and
temporal areas; Ettinger et al., 2012), and brain function (e.g., reduced
activation in the insula, putamen, thalamus, and other regions during
prepulse inhibition; Kumari et al., 2007, 2008) as well as oculomotor
control (Koychev et al., 2016; Meyhöfer et al., 2017; O'Driscoll and
Callahan, 2008).
An intriguing state model system of psychosis is acute sleep depri-
vation (Ettinger and Kumari, 2015). Acute sleep deprivation of > 24 h
evokes psychotomimetic states such as perceptual distortion, anhe-
donia, and cognitive disorganization (Meyhöfer et al., 2017; Petrovsky
et al., 2014) as well as impairments typically linked to schizophrenia,
such as deficits in oculomotor performance (Meyhöfer et al., 2016,
2017) and prepulse inhibition (Petrovsky et al., 2014). These findings
agree with literature showing that as sleep deprivation evokes deficits
in brain areas that are also affected in schizophrenia, such as decreased
metabolic activity in the prefrontal cortex, the thalamus, and the basal
ganglia (Shenton et al., 2001; Shepherd et al., 2012; Thomas et al.,
2000, 2003).
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The validity of such model systems is commonly tested by in-
vestigating deficiencies that are widely considered valid signatures of
psychosis. One of the most firmly established markers of schizophrenia
is a pattern of deficits in various cognitive functions, including response
inhibition, working memory, sustained attention, verbal learning, pro-
blem solving and verbal fluency (Heinrichs and Zakzanis, 1998;
Mesholam-Gately et al., 2009; Schaefer et al., 2013; Snitz et al., 2006).
Of note, these findings concern mainly the cognitive deficit subtype of
schizophrenia, which displays pervasive impairments across the ma-
jority of cognitive functions, and not for the cognitively spared subtype,
where cognitive functions are only slightly affected (Jablensky, 2006).
In support of schizotypy and sleep deprivation as model systems of
psychosis, the cognitive deficits observed in psychotic patients also
typically occur in high schizotypes (as compared to low schizotypes,
e.g., Bergida and Lenzenweger, 2006; Chan et al., 2011; Giakoumaki,
2012) and as a consequence of acute sleep deprivation (as compared to
normal sleep conditions, e.g., Drummond et al., 2006; Joo et al., 2012;
Labelle et al., 2015), albeit at lower levels.
Impairments in response inhibition (i.e., the ability to suppress an
inappropriate but prepotent response to a stimulus; Friedman and
Miyake, 2004) in high schizotypes have been reported, for example, by
means of a higher error rate in the go/nogo task (Kaczorowski et al.,
2009); however, this applies only to positive—but not negative or
disorganized – schizotypy (Kaczorowski et al., 2009; Peters et al.,
1994). Likewise, response inhibition on go/nogo tasks is reduced after
sleep deprivation (Drummond et al., 2006; Chuah et al., 2006; but see
Acheson et al., 2007). Working memory is worse in high schizotypes (for
reviews, see Chun et al., 2013; Giakoumaki, 2012). This result has been
reported from studies with different measures of working memory, such
as accuracy in the 3-back task (Kerns and Becker, 2008) or the Wechsler
letter-number sequencing (Matheson and Langdon, 2008). Working
memory (e.g., accuracy in the n-back task) also decreases severely after
sleep deprivation (Choo et al., 2005), in line with studies demonstrating
the importance of sleep for working memory in children and adoles-
cents (Kopasz et al., 2010). Sustained attention (frequently assessed with
the Continuous Performance Test) is poorer in high schizotypes; again,
however, this is limited to positive schizotypy (Bergida and
Lenzenweger, 2006; Lenzenweger and Gold, 2000; Lenzenweger, 2001;
Obiols et al., 1999). This fundamental cognitive function also declines
after sleep deprivation (Ikegami et al., 2009; Joo et al., 2012; Labelle
et al., 2015). Verbal learning (measured with the amount of correctly
learned words in the California Verbal Learning Test or the Wechsler
logical memory test) appears to be reduced in high schizotypes (Chan
et al., 2011; Palacio et al., 2006), although there are some inconsistent
findings (Aguirre et al., 2008; Lenzenweger et al., 2000). Similarly, the
effect of sleep deprivation on verbal learning is subject to debate
(Drummond et al., 2000; Karlsson et al., 2005). Problem solving appears
not to differ between high and low psychometric schizotypes; reaction
times and accuracy in tasks like the Tower of London or the Stockings of
Cambridge tasks were found to be identical in low and high schizotypes
(Langdon and Coltheart, 1999; Laws et al., 2011). However, impair-
ments have been observed in adolescents with a diagnosis of schizo-
typal personality disorder (Diforio et al., 2000). Sleep deprivation also
has a detrimental effect on problem solving (Horne, 1988; Killgore
et al., 2009). Verbal fluency (measured, e.g., with the task to name as
much animals as possible within one minute) is decreased in high
schizotypes, especially those scoring high on the positive dimension
(Krabbendam et al., 2005), and after sleep deprivation (Harrison and
Horne, 1997, 1998).
Overall, these findings indicate that both schizotypy and sleep de-
privation involve psychosis-like cognitive deficits. However, two recent
meta-analyses have revealed that cognitive impairments in schizotypal
individuals are somewhat inconsistent and effect sizes tend to be in the
small range (Chun et al., 2013; Steffens et al., 2018). Therefore, and
given the promising evidence from state model systems (Ettinger and
Kumari, 2015; Meyhöfer et al., 2016; Petrovsky et al., 2014), the
question arises whether the cognitive deficits observed in psychosis can
be approximated more closely by an interaction of schizotypy as a trait
and sleep deprivation as a state model system. Surprisingly, most of the
previous studies have tested the effect of either the schizotypy or the
sleep deprivation model. A recent study by Meyhöfer et al. (2017),
however, supports the importance of combining these models, as effects
of sleep deprivation on smooth pursuit gain, a prominent oculomotor
biomarker of psychosis, were found to be more pronounced in schizo-
typals than controls.
Therefore, we first aimed at replicating previous findings of cogni-
tive deficits in high (as compared to low) schizotypy and after sleep
deprivation (as compared to normal sleep). Additionally, we probed for
interactions of the two model systems in cognitive performance.
Generally, we expected the strongest impairment to occur when high
schizotypy was coupled with sleep deprivation. As the majority of
previous studies reported cognitive deficits in positive (rather than
negative or disorganized) schizotypy, we restricted our sample to in-
dividuals scoring high on this specific dimension. In light of the broad
set of cognitive impairments in psychosis (Fioravanti et al., 2012), we
tested participants’ performance on six different tasks tapping into a
variety of cognitive functions: response inhibition, working memory,
sustained attention, verbal learning, problem solving and verbal flu-
ency.
2. Methods
2.1. Recruitment and selection of participants
Participants were recruited from the general population via flyers
and social media platforms that linked to an online version of the
Oxford-Liverpool Inventory of Feelings and Experiences short form (O-
LIFE, German version, Grant et al., 2013). The Unusual Experiences
(UE) and Introvertive Anhedonia (IA) scales for measuring positive and
negative schizotypy were used for assignment to the two groups. A total
of N = 5006 subjects filled out the questionnaire. Subjects were as-
signed to the schizotypy group if they scored ≥1.25 SD above the same
sex mean UE and ≤ 0.5 SD below the same sex mean IA score. This
ensured to include only schizotypes with mainly positive schizotypy
traits. Assignment to the control group required a score of ≤ 0.5 SD
below the same sex mean UE and IA score. Eligible subjects (both
schizotypes and controls with the required scores in the O-LIFE) were
invited to a telephone screening. If they replied to the invitation, they
were screened for the exclusion criteria of age < 18 and > 50, native
language other than German, any present Axis I disorder or past or
present psychotic disorder (MINI International Neuropsychiatric Inter-
view German Version 5.0.0, Ackenheil et al., 1999), a first-degree re-
lative with a psychotic disorder, visual impairments (except for glasses/
lenses) or eye surgery, regular medication intake (except for contra-
ceptives or vitamins), any current sleep disorder or engagement in shift
working and current alcohol (ACE AL5500) or drug consumption (Drug-
Screen Multi 5T, nal von minden GmbH). Only a small proportion of the
N= 5006 participants who filled out the O-LIFE participated in the
telephone screening; this was because only a minority of participants
reached the required O-LIFE scores, and some of those did not provide
any contact data so that it was not possible to invite them to participate
in the follow-up study. Moreover, a high number of participants did not
reply to the initial invitation to the follow-up study. The study was
approved by the ethics committee of the Department of Psychology,
University of Bonn, and all participants provided written informed
consent. Participant compensation was course credits (for psychology
students) or 80€ (for other participants).
2.2. Study procedure
After completion of the O-LIFE, suitable participants were screened
for above exclusion criteria via telephone, followed by two laboratory
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sessions that took place at intervals of one week. In both study condi-
tions (sleep deprivation and normal sleep night), participants arrived at
the laboratory at 8:30 PM. They had been instructed well in advance
not to consume any caffeine from 5 PM until the end of the study ses-
sion. When arrived at the laboratory, participants first completed a
battery of state inventories, among them the Psychotomimetic States
Inventory (PSI, Mason et al., 2008). During the normal sleep night,
participants slept in the laboratory from 11:00 PM to 6:55 AM. In the
sleep deprivation night, participants stayed awake during the whole
night in the presence of an examiner. Participants were allowed to read,
watch movies or play board games. In addition, they completed de-
mographic questionnaires and the Mehrfachwahl-Wortschatz-In-
telligenztest, Version B (a measure of verbal intelligence, Lehrl, 2005)
and went for four 15-minutes walks at 10:30 PM, 1:30 AM, 4:30 AM
and 6:30 AM. They were not allowed to eat or drink except for water. In
both study conditions, a light breakfast at 7:30 AM was followed by a
cognitive and oculomotor test battery, beginning at 8:00 AM and lasting
about 3.5 h, followed by another completion of the aforementioned
state questionnaires.
2.2.1. Cognitive tasks
Flow charts and details of some of the tasks are provided in the
Supplementary Material. Computer-based tasks were conducted on a
19-inch LCD monitor (Hyundai X93W, 1440 × 900 resolution) at a
distance of 70 cm from participants. They were implemented using
Presentation Version 18.1 (Neurobehavioral Systems, Inc., Berkeley,
CA, USA). The order of tasks was randomized for each participant and
held constant throughout both study conditions. To minimize training
effects from the first to the second laboratory session, parallel forms of
each task were applied.
Response inhibition was measured with the go/nogo task (GNG).
Participants were instructed to respond by pressing the space bar when
the go-stimulus was shown and to withhold the response when the
nogo-stimulus was presented. The dependent variables were the per-
centage of errors on nogo-trials (commission errors) as well as the mean
reaction time (MRT) of correct go-trials.
Working memory was assessed with the n-back task (modified from
Ettinger et al., 2011). Participants were required to press a key corre-
sponding to the position of a dot that appeared at one of four possible
positions on the screen. When a dot was presented, participants either
had to respond immediately and as quickly as possible to this given dot
(0-back condition) or to the dot that had been presented one, two or
three trials before (1-, 2-, or 3-back condition). Thus, in the 1-, 2-, and
3-back conditions, participants had to keep the position of the stimuli in
working memory. Dependent variables were the percentage and the
MRT of correct responses.
Sustained attention was examined using the Continuous Performance
Test (CPT)—identical pairs version (Cornblatt et al., 1988). Participants
had to respond as quickly as possible to four-digit stimuli when an
identical pair showed up, i.e. when there was an exact repetition of di-
gits (e.g., 9004 followed by 9004). Catch trials consisted of pairs of
stimuli where one of the two middle digits had been exchanged (e.g.
8617–8657). The remaining stimuli were singletons, not resembling a
previous or following stimulus, randomly interleaved amongst identical
pairs and catch pairs. The parameter c measuring response bias and the
sensitivity index d', as well as the MRT of correct responses (responses to
identical pairs) were analyzed.
Verbal learning was studied by means of the California Verbal
Learning Test (CVLT, Niemann et al., 2008). Over five learning rounds,
participants listened to a list of 16 words from four categories and had
to repeat it afterwards. Learning rounds were followed by a second,
interfering word list that had to be recalled once. Subsequently, parti-
cipants were asked to recall words from the first list immediately and
again after a 30-minutes-delay. Each recall (immediate and delayed)
was implemented first without and then with cues that hinted at the
four categories (e.g., food as cue for the words eggs, cheese, coffee, ham).
Dependent variables were the total number of correct responses (during
the five learning rounds and the immediate and delayed recall with and
without cues), the consistency (the number of repeatedly recalled words
during the first five rounds) and the learning curve (the increase of re-
called words from round one to round five).
Problem solving ability was investigated with the computerized
Tower of London task (TOL, modified version from Shallice, 1982, see
also Kempton et al., 2011). Participants were required to relocate balls
from an initial position to a target position within three tubes of dif-
ferent lengths in as few moves as possible, whereby only one ball at a
time was allowed to be moved. Movements of balls had to be kept in
mind and one of four possible answers (one, two, three or four move-
ments) had to be chosen. Performance was measured by calculating the
percentage and the MRT of correct responses.
Verbal fluency was assessed by the Regensburger Wortflüssigkeitstest
(RWT, Aschenbrenner et al., 2000) which required participants to
name, within two minutes, as many words as possible beginning with a
certain letter (lexical condition) or deriving from a certain category
(semantic condition). In the shifting condition, the task was to name as
many words as possible while shifting between two different initial
letters (lexical shifting condition) or between two different categories
(semantic shifting condition). The number of correct words was analyzed
for each of the four conditions.
2.2.2. Psychotomimetic states
Psychotomimetic states were measured using the Delusional
Thinking, Perceptual Distortion, Cognitive Disorganization, Anhedonia,
Mania, and Paranoia subscales of the PSI.
2.3. Statistical analyses
Statistical analyses were performed using IBM SPSS Statistics 24.0
(IBM, Armonk, NY, USA). All dependent variables were tested for
normality of distribution. Variables were transformed using log trans-
formation when normality of distribution was violated, which was ex-
amined with the Shapiro-Wilk-Test (Shapiro and Wilk, 1965), skewness
and outliers. Levene's Test was used to test homogeneity of variance
(Glass, 1966) and violations of the assumption of sphericity were ad-
justed using Greenhouse Geisser correction (Jennings, 1987). Effect
sizes for analyses of variance (ANOVAs) were estimated using partial
eta-squared (Cohen, 1973).
Inferential statistical analyses were carried out with significance set
at p< .05. Each cognitive task was analyzed separately using ANOVA.
For each task, the ANOVA included the within-subjects factor study
condition (normal sleep night, sleep deprivation night) and the between-
subjects factor group (schizotypes, controls). For certain tasks, the fol-
lowing factors were added: the within-subjects factor load was added
for the TOL (1, 2, 3, and 4 required movements) and the n-back task (0,
1, 2, and 3 trials back). The RWT included the within-subjects factors
shifting (shifting, no shifting) and fluency type (lexical, semantic).
Significant interactions were followed up with two-tailed t-tests using
Bonferroni-Holm correction (Holm, 1979). Order (sleep deprivation
first vs. sleep first) was initially included as an additional between-
subjects factor in all ANOVAs but then dropped as it did not interfere
with the reported results. For full summaries of ANOVAs see Supple-
mentary Tables 2–4.
For the present sample, the influence of schizotypy and sleep de-
privation on psychotomimetic states, as measured by the PSI scales, has
previously been investigated and reported elsewhere (Meyhöfer et al.,
2017). Psychotomimetic states increased after sleep deprivation (com-
pared to scores after a normal sleep night) on the subscales Perceptual
Distortion, Cognitive Disorganization and Anhedonia. Scores on Delu-
sional Thinking, Perceptual Distortion and Mania were higher in the
schizotypy group than in the control group. Here, to examine whether
cognitive functions were related to psychotomimetic states, we com-
puted correlations between PSI scores and performance in the cognitive
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tasks. To restrict the number of correlations, we performed the analysis
only on variables that were affected by sleep deprivation
(Meyhöfer et al., 2017), namely GNG errors of commission, n-back rate
of correct responses and PSI subscales Perceptual Distortion, Cognitive
Disorganization and Anhedonia. To compute the correlations, change




Thirty-six subjects met inclusion criteria and participated in the
study, among them 17 high schizotypes and 19 control subjects
(Table 1). TOL data from two high schizotypes and n-back data from
one control subject were eliminated due to apparent failure to under-
stand the task. One control subject was excluded for the GNG task as the
MRT of correct go-trials deviated 5 SD from the mean. Descriptive
statistics of cognitive performance and the PSI can be found in Tables 2




For errors of commission, a main effect of study condition revealed a
higher error rate after a night of sleep deprivation than after a night of
normal sleep (F(1,33) = 14.06; p= .001, ηp2 = 0.30; Fig. 1). No effect of
group and no interaction effect between group and study condition was
found (all p> .17). For MRT of correct go-trials, no main or interaction
effects were found (all p> .22).
3.2.2. N-back task
For rate of correct responses, a main effect of study condition re-
vealed a higher rate after the night of normal sleep than after sleep
deprivation (F(1,33) = 5.54; p= .03; ηp2 = 0.14; Fig. 2). In addition, a
main effect of load showed that fewer correct responses were given in
trials with a higher number of steps back (F(2.28, 75.28) = 209.68;
p < .001; ηp2 = 0.86). After Bonferroni-Holm correction, post-hoc
paired-sample t-tests were significant between all load levels: more
correct responses were given in the 0-back condition compared to the 1-
back (t(34) = 9.66, p < .001, d= 2.23), the 2-back (t(34) = 16.13,
p< .001, d= 3.78) and the 3-back condition (t(34) = 27.53, p< .001,
d= 6.18). Also, a higher percentage of correct responses was found for
the 1-back compared to the 2-back (t(34) = 7.66, p< .001, d= 1.04)
and the 3-back condition (t(34) = 11.80, p< .001, d= 1.80). Further-
more, participants gave more correct responses in the 2-back than in
the 3-back condition (t(34) = 6.13, p< .001, d= 0.65). No main effect
of group and no interaction effects between group, study condition and
load were found (all p > .23). For the MRT of correct responses, no
main effect of study condition, group or load and no interactions be-
tween these factors were found (all p > .06).
3.2.3. Continuous Performance Test
For all dependent variables, no main effect of study condition or
group and no interaction between these factors was found (c: all
p> .06; d': all p> .09; MRT: all p> .35).
3.2.4. California Verbal Learning Test
For all dependent variables, no main effect of study condition or
group and no interaction between these factors was found (learning
curve: all p> .25; correct responses: all p> .51; consistency: all
p> .35).
3.2.5. Tower of London task
An effect of load was found for MRT of correct responses (F(2.03,
64.95) = 416.48, p < .001, ηp2=0.93). The MRT increased with a higher
number of required movements. Post-hoc paired-sample t-tests were
significant between all task conditions: MRT for correct responses was
lower in the 1-movement condition compared to the 2-movements
(t(33) = −13.87, p< .001, d= −1.52), the 3-movements
(t(33)=−20.05, p< .001, d= −2.41) and the 4-movements condition
(t(33)=−25.62, p< .001, d= −3.81). Also, a lower MRT of correct
responses was found for the 2-movements compared to the 3-move-
ments (t(33) = −10.21, p< .001, d= −0.86) and the 4-movements
condition (t(33) = −21.75, p< .001, d= −2.31). Furthermore, parti-
cipants needed less time in the 3-movements than in the 4-movements
condition (t(33) = −18.26, p< .001, d= −1.48). No other main or
interaction effects were significant (all p > .36). The percentage of
correct responses was not further analyzed as the error rate was very
low, especially in the 1-movement condition.
3.2.6. Regensburger Wortflüssigkeitstest
There was a main effect of fluency type, indicating a higher number
of correct responses in the semantic condition than the lexical condition
(F(1,34) = 161.22, p < .001, ηp2=0.83). A main effect of shifting
showed that shifting between starting letters or categories led to fewer
correct responses than no shifting (F(1,34) = 73.92, p< .001,
ηp2=0.69). Furthermore, an interaction effect between these factors
was found (F(1,34)= 328.18, p< .001, ηp2 = 0.91). For the lexical
condition, a post-hoc paired-sample t-test revealed that shifting led to
more correct responses than not shifting (t(35) = − 7.42, p< .001,
d= − 0.91). For the semantic condition, shifting led to fewer correct
responses than not shifting (t(35) = 16.22, p< .001, d= 2.19). When
required to shift, participants generated more correct responses in the
lexical condition (t(35) = 2.55, p= .02, d= 0.40). When not required to
shift, they generated more correct responses in the semantic condition
(t(35) = −19.20, p< .001, d= −2.71). However, there were no main
effects of study condition or group and no interaction effects between
any of these factors (all p > .10).
3.3. Correlations between cognitive performance and psychotomimetic
states
No significant correlations were found between the change scores of
Table 1
Descriptive statistics of the sample by group.
Variable Schizotypes (n= 17) Controls (n= 19) Total Sample (n= 36) Statistics*
Mean age (years) (SD) 26.82 (7.91) 24.63 (5.42) 25.67 (6.70) T(34) = 0.98, p= .33
Gender (n, female/male) 12/7 12/5 24/12 ᵡ²(1)=0.22, p= .64
Mean years of education (SD) 17.18 (2.88) 16.37 (4.06) 16.75 (3.52) T(34) = 0.68, p= .50
Mean verbal IQ (SD) 110.88 (15.07) 111.63 (13.98) 111.28 (14.30) T(34) = 0.16, p= .88
Mean UE score (SD) 9.94 (0.97) 1.79 (0.98) 5.64 (4.24) T(34) = 25.13, p< .001
Mean IA score (SD) 1.12 (0.93) 0.68 (0.48) 0.89 (0.75) T(34)=1.79, p= .10
Mean CD score (SD) 7.65 (2.80) 3.58 (2.84) 5.50 (3.44) T(34)=−4.35, p< .001
Notes. SD, Standard Deviation; UE, Unusual Experiences; IA, Introvertive Anhedonia; CD, Cognitive Disorganization.
⁎ Comparison between schizotypes and controls.
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GNG errors of commission, n-back rate of correct responses and PSI
subscales Perceptual Distortion, Cognitive Disorganization and
Anhedonia (all p> .07).
4. Discussion
In the present study, we aimed to validate sleep deprivation and
schizotypy as putative models of psychosis by replicating their effects
on cognitive performance. A particular goal was to examine potential
interaction effects of schizotypy and sleep deprivation on measures of
cognitive abilities. We expected that a combination of these two model
systems would evoke stronger cognitive impairments than each model
system by itself (Meyhöfer et al., 2017). Participants in groups of high
versus low levels of schizotypy completed a range of cognitive tests
known to be sensitive to schizophrenia spectrum effects, both after a
night of sleep deprivation and after a night of normal sleep.
4.1. Effects of sleep deprivation
Sleep deprivation decreased performance in tasks measuring re-
sponse inhibition (GNG task) and working memory (n-back task). The
results of the GNG task implicate that after sleep deprivation, subjects
had greater difficulties inhibiting the prepotent response of pressing a
button in rare nogo trials. This finding supports the validity of sleep
Table 2
Descriptive statistics of cognitive measures.
Task / Variable Schizotypes (n= 17) Controls (n= 19)
sleep wake sleep wake
Go/nogo task
errors of commission (%) 14.85 (9.33) 22.65 (13.65) 12.36 (8.44) 20.26 (22.80)
MRT of correct responses (ms) 341.62 (34.89) 352.29 (30.66) 344.75 (32.31) 345.52 (39.03)
N-back task
correct responses (%)
0-back 97.98 (2.39) 91.45 (10.50) 98.68 (1.19) 96.46 (6.58)
1-back 70.39 (19.57) 68.43 (19.44) 66.14 (19.87) 63.95 (19.91)
2-back 54.73 (22.82) 46.64 (18.89) 50.56 (16.71) 47.56 (19.19)
3-back 45.93 (17.02) 38.01 (16.77) 40.38 (13.35) 36.13 (11.48)
MRT of correct responses (ms)
0-back 405.79 (73.08) 423.99 (63.31) 398.84 (54.91) 407.70 (56.90)
1-back 369.04 (150.10) 355.00 (162.03) 372.38 (159.80) 335.51 (189.94)
2-back 419.09 (167.42) 391.51 (129.15) 401.18 (158.53) 414.59 (183.24)
3-back 399.31 (179.83) 397.54 (118.16) 402.40 (173.54) 493.50 (217.14)
Continuous Performance Test
c −0.01 (0.41) 0.15 (0.39) 0.10 (0.27) 0.08 (0.43)
d' 2.71 (0.92) 2.31 (0.95) 2.72 (0.93) 2.62 (0.80)
MRT of correct responses (ms) 415.25 (92.47) 428.92 (74.73) 423.19 (81.29) 421.39 (73.62)
California Verbal Learning Test
learning curve 1.49 (0.60) 1.64 (0.71) 1.57 (0.44) 1.41 (0.44)
correct responses (n) 116.82 (14.24) 115.76 (21.17) 119.11 (14.62) 119.95 (13.02)
consistency 89.84 (6.61) 89.33 (10.65) 91.96 (5.26) 91.07 (6.18)
Tower of London task
correct responses (%)
1 movement 98.22 (3.96) 98.67 (2.76) 98.25 (3.75) 98.60 (3.57)
2 movements 92.44 (8.68) 88.89 (11.17) 96.14 (7.80) 95.79 (5.54)
3 movements 95.11 (5.33) 86.22 (16.61) 91.23 (11.12) 88.78 (11.34)
4 movements 92.44 (10.04) 78.22 (25.26) 94.39 (6.39) 85.26 (26.81)
MRT of correct responses (s)
1 movement 3.72 (1.24) 3.94 (1.33) 3.56 (0.99) 3.94 (1.63)
2 movements 5.61 (2.42) 5.80 (2.89) 4.79 (1.38) 5.37 (2.04)
3 movements 7.01 (3.29) 6.55 (2.72) 5.89 (1.37) 6.49 (2.07)
4 movements 9.79 (3.52) 9.06 (3.11) 8.85 (3.43) 9.52 (3.53)
Regensburger Wortflüssigkeitstest
correct responses (n)
lexical no shifting 20.00 (5.96) 21.76 (7.93) 19.42 (5.93) 18.89 (5.20)
lexical shifting 24.71 (7.06) 25.76 (7.42) 24.68 (5.05) 25.00 (4.53)
semantic no shifting 36.47 (11.38) 38.94 (7.60) 39.37 (6.80) 39.74 (8.21)
semantic shifting 22.41 (4.86) 23.71 (4.55) 22.84 (3.52) 23.26 (4.97)
Notes. Data represent untransformed means (standard deviations). Sleep= normal sleep night. wake= sleep deprivation night. MRT = mean reaction time.
n= number. ms = milliseconds. Deviating sample size in go/nogo and n-back task (18 controls) and Tower of London task (15 schizotypes).
Table 3
Descriptive statistics of the Psychotomimetic States Inventory (PSI).
Scale Schizotypes (n= 17) Controls (n= 19)
sleep wake sleep wake
evening morning evening morning evening morning evening morning
Delusional Thinking 7.94 (3.78) 5.88 (4.28) 7.47 (4.60) 6.59 (5.41) 1.32 (1.80) 0.89 (1.76) 1.42 (2.80) 0.89 (2.77)
Perceptual Distortion 5.76 (4.68) 4.76 (3.29) 6.12 (4.51) 7.94 (4.70) 1.11 (2.26) 1.00 (2.00) 1.05 (1.96) 1.32 (2.45)
Cognitive Disorganization 10.85 (6.15) 9.47 (4.74) 9.94 (6.07) 14.76 (4.72) 3.74 (3.97) 2.84 (3.13) 3.63 (4.10) 5.42 (5.24)
Anhedonia 5.53 (2.58) 4.76 (2.39) 4.71 (2.87) 6.41 (3.57) 2.55 (2.72) 1.87 (2.38) 2.32 (2.14) 3.05 (3.44)
Mania 6.06 (3.38) 4.47 (2.85) 5.74 (3.64) 5.53 (3.54) 2.47 (1.81) 2.05 (1.47) 2.47 (2.12) 2.00 (1.63)
Paranoia 5.59 (4.40) 2.76 (3.91) 4.97 (3.70) 3.35 (2.91) 2.00 (3.23) 0.89 (1.52) 2.16 (3.04) 1.05 (2.09)
Notes. Data represent untransformed means (standard deviations). n= number. Sleep= normal sleep night. Wake= sleep deprivation night.
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deprivation as a model system of psychosis, particularly in combination
with measures of inhibition (Ettinger and Kumari, 2015), as schizo-
phrenia patients tend to perform worse on GNG tasks than healthy
controls (for meta-analyses see Minzenberg et al., 2009, Schaefer et al.,
2013). The finding of impaired inhibitory control extends to different
measures of response inhibition, such as the stop-signal task (for a
meta-analysis, see Lipszyc and Schachar, 2010; however, see
Ettinger et al., 2017).
On the n-back task, participants committed more errors after sleep
deprivation than after a normal sleep night. However, this effect was
observed for all levels of load, including the 0-back condition. This
pattern is in line with previous studies reporting a load-independent
increment in n-back errors after sleep deprivation (e.g., Choo et al.,
2005; Smith et al., 2002). It should be noted, however, that these
findings should be interpreted somewhat cautiously: The 0-back con-
dition does not involve working memory (which the n-back task is
designed to assess) because participants simply respond as quickly as
possible to an imperative stimulus. What is consistently needed in all
conditions, however, is a certain level of attention to ensure sufficient
processing of the stimulus to subsequently respond to or store it. It is,
therefore, questionable whether an increase in errors in all n-back
conditions reflects an effect of sleep deprivation on working memory.
Instead, the general reduction in the rate of correct responses might
indicate that sleep deprivation decreases the overall level of attention.
For schizophrenia patients, previous studies have not demonstrated
such a generalized effect on overall task performance, but rather a
selective impairment in working-memory related performance (i.e., in
the high load conditions; see, e.g., Callicott et al., 1998; Krieger et al.,
2005). This indicates that sleep deprivation and psychosis, while clearly
overlapping in terms of affecting performance on the same tasks, might
not impair the exact same cognitive processes underlying overt task
behaviour. Clearly, this issue requires further scrutiny in additional
investigations.
It is important to mention that impairments in working memory and
response inhibition are not exclusively found in schizophrenia patients
but also in several other psychiatric disorders, such as attention-deficit/
hyperactivity disorder (Wright et al., 2014) and obsessive compulsive
disorder (e.g., van der Wee et al., 2003). Therefore, the conclusions of
our findings regarding model systems of psychosis have to be drawn
with caution. However, those disorders are not associated with sleep-
wake and circadian rhythm disturbances as strongly as schizophrenia
(Boivin, 2000), where the majority of patients show disturbances ran-
ging from excessive to highly irregular and fragmented sleep, prolonged
sleep latency, and poorer sleep efficiency (Boivin, 2000; Wulff et al.,
2012). These findings suggest a strong relationship between sleep de-
privation and features of psychosis.
The decline in n-back performance after sleep deprivation is in line
with brain activity reductions in sleep deprived participants during
working memory tasks. Working memory performance is usually asso-
ciated with a network of prefrontal, occipital and parietal regions (Mu
et al., 2005; Olesen et al., 2004; Pessoa et al., 2002). Sleep deprivation
has been reported to elicit reduced activity in those brain circuits
during working memory (Chee et al., 2006; Choo et al., 2005; Habeck
et al., 2004), explaining why sleep deprivation impairs performance. As
activity reductions in the mentioned areas are also relevant for atten-
tional processes (Thomas et al., 2000), this may also explain why we
found an overall decrease of n-back task performance. Likewise, find-
ings on neural mechanisms of response inhibition and how they are
affected by sleep deprivation are in accordance with our results; sleep
deprivation has been observed to reduce activity in the ventrolateral
prefrontal cortex, the insula and the anterior cingulate, brain regions
that are essential for the implementation of response inhibition (Chuah
et al., 2006; Wager et al., 2005).
The detrimental effects of sleep deprivation on GNG and n-back
performance that were observed in the present study applied only to
accuracy, not to speed. This is relevant in two different regards: first, it
clarifies that participants indeed performed worse after sleep depriva-
tion and did not simply shift in how they weighted speed and accuracy
during the task (see Wickelgren, 1977). Thus, sleep deprivation indeed
impairs cognitive functions rather than merely resulting in a change in
strategy. Second, several studies with schizophrenia patients have
shown the same pattern of decreased accuracy, yet unaffected speed in
GNG and n-back tasks (e.g., Callicott et al., 2003; Kiehl et al., 2000;
Perlstein et al., 2003).
In the present study, the cognitive deficits induced by sleep depri-
vation were not extensive, as performance decreased in only two out of
six tasks. This is somewhat surprising considering that previous studies
suggest that sleep deprivation elicits deficits in various cognitive do-
mains (Lim and Dinges, 2010). However, the null-effects on most of the
tasks in our study might be a consequence of the rather small sample
size. That is, our study might not have had sufficient statistical power to
reveal small effects of the experimental manipulation (Open Science
Collaboration, 2015). A power calculation with G*Power (Faul et al.,
2009) revealed that we had a statistical power near 1.0 when searching
for large effect sizes at an alpha of 0.05, which decreased to <0.80
when searching for small effect sizes. Thus, the power in our study was
sufficient to detect robust effects (as in the GNG and n-back tasks), but
it was not sufficient to detect less robust effects as, for example, in the
CPT.
Another explanation for the lack of significant effects on most
measures could be that our manipulation was not strong enough.
Longer periods of sleep deprivation (e.g., 32 h) might have impaired
Fig. 1. Effect of study condition on go/nogo errors of commission. The main
effect of study condition on go/nogo errors of commission indicates a higher
error rate after a night of sleep deprivation than after a night of normal sleep
(**p< .01). Sleep = normal sleep night. Wake = sleep deprivation night. Error
bars indicate standard errors.
Fig. 2. Effect of study condition on the percentage of correct responses in the n-
back task. The main effect of study condition on n-back percentage of correct
responses indicates fewer correct responses after a night of sleep deprivation
than after a night of normal sleep (*p< .05). Sleep = normal sleep night.
Wake = sleep deprivation night. Error bars indicate standard errors.
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cognitive functioning much more strongly (see, e.g., Harrison and
Horne, 1997, 1998; Horne, 1988; Killgore et al., 2009). In line with this,
Thomas et al. (2000, 2003) were able to show that activity decreases in
certain brain regions (e.g., thalamus and prefrontal cortex) after 32 h of
sleep deprivation become even stronger after sleep deprivation of 48
and 72 h. Also, Drummond et al. (2006) found stronger decreases of
inhibitory control after two nights compared to one night of sleep de-
privation. However, several previous studies suggest that 24 h of sleep
deprivation (as used in the present study) suffice to decrease cognitive
performance (see, e.g., Chuah et al., 2006; Joo et al., 2012; Labelle
et al., 2015; Petrovsky et al., 2014). Moreover, in the same sample
reported here, we found effects of 24 h of sleep deprivation on oculo-
motor measures (Meyhöfer et al., 2017). It thus appears that our ap-
proach—although not as effective as expected—was justified. Never-
theless, future studies might consider implementing longer (and thus
more effective) periods of sleep deprivation when investigating its po-
tential as a state model system of psychosis.
4.2. Effects of schizotypy
We did not find any differences between the high and low schizo-
typy groups in cognitive performance. These results, therefore, do not
provide strong support for the idea that schizotypy can serve as a model
system of psychosis. At a first glance, these findings are at odds with a
large number of studies reporting cognitive deficits in schizotypy (see,
e.g., Chan et al., 2011; Giakoumaki, 2012) There are, however, several
studies that did not reveal any cognitive impairments in highly schi-
zotypal individuals (for meta-analyses, see Chun et al., 2013; Steffens
et al., 2018).
The fact that neuropsychological deficits typically observed in
schizophrenia are not reliably found in highly schizotypal individuals
may thus cast doubt on the validity of schizotypy as a trait model
system of psychosis. However, in several psychophysiological tasks,
schizotypy is indeed quite reliably associated with deficits similar to
those observed in schizophrenia. For example, studies consistently re-
port eye movement dysfunctions in schizotypy, especially on anti-
saccade and smooth pursuit tasks (e.g., Ettinger et al., 2005; Holahan
and O'Driscoll, 2005; Meyhöfer et al., 2017), resembling the pattern of
impairments that is common in schizophrenia patients (Gooding and
Basso, 2009; O'Driscoll and Callahan, 2008). Furthermore, highly
schizotypal individuals consistently perform worse on tasks assessing
prepulse inhibition, a measure of sensorimotor gating, again resembling
deficits found in schizophrenia patients (Giakoumaki, 2012). It appears
that functions more basal than the cognitive abilities measured in the
present study may be impaired in subjects with high levels of schizo-
typy. This suggests that—rather than refuting the theory of schizotypy
as a model system of psychosis—basic (motor or perceptual) bio-
markers instead of more higher-level cognitive functions should be
preferentially targeted. Fittingly, Chun et al. (2013) have recently
questioned whether assessments of cognitive functioning adequately
cover the deficits associated with schizotypy. It is worth mentioning
that when combining trait model systems of psychosis with higher-level
cognitive biomarkers of schizophrenia, there might be trait model
systems more suitable than the schizotypy model system. For example,
a recent meta-analysis by Giuliano et al. (2012) examined cognitive
impairments in individuals with a putative psychosis prodrome at risk
of developing schizophrenia. The authors reported mild cognitive def-
icits at an intermediate level between healthy controls and schizo-
phrenia patients, with small to medium effect sizes for almost all in-
vestigated cognitive domains.
As pointed out in the introduction, schizophrenia patients can be
divided into the cognitive deficit and the cognitively spared subtypes
(Jablensky, 2006). In contrast to the cognitive deficit subtype, the
cognitively spared subtype is characterized by just mild impairments of
cognitive functions. Although it has never been examined, it is con-
ceivable that this subtyping is valid not only for schizophrenia patients,
but also for highly schizotypal individuals. As most of our participants
had been college students, it would not be surprising if they pertained
to the cognitively spared subtype. This possibility supports the previous
suggestion of using more basic biomarkers instead of higher-level
cognitive functions to investigate putative model systems of psychosis.
In previous reports of cognitive deficits in schizotypal individuals,
these were mainly restricted to individuals with high scores on the
positive dimension of schizotypy (see, e.g., Bergida and Lenzenweger,
2006; Ettinger et al., 2005; Holahan and O'Driscoll, 2005; Kaczorowski
et al., 2009; Krabbendam et al., 2005). Accordingly, we focused on this
dimension in the present study. However, negative schizotypy might
also be associated with certain cognitive impairments; in fact, this as-
sociation might even be stronger than the link with positive schizotypy
in some domains. For example, working memory has been found to be
associated mainly with negative schizotypy (Karagiannopoulou et al.,
2016) and a recent meta-analysis found effects for negative, but not
positive schizotypy in the updating dimension of cognitive control
(Steffens et al., 2018). A stronger focus should also be on the dis-
organized dimension, which is often ignored in schizotypy research
(Steffens et al., 2018). Although a recent meta-analysis (Steffens et al.,
2018), did not find any effect of disorganized schizotypy on inhibition,
there are studies reporting associations between schizotypy and cog-
nitive control in the disorganized, but not in the positive or negative
dimension (Kerns, 2006; Moritz et al., 1999). Thus, an extension of the
present study design to two or three different schizotypy groups (po-
sitive, negative, disorganized) might be a promising avenue for future
research to discover cognitive deficits in schizotypy.
Another limitation of our study design and possible explanation for
missing effects of schizotypy might be that the cut-off scores for as-
signment to the schizotypy group were rather low, compared to other
studies that applied thresholds of 1.5 or 2 SD above the mean (e.g.,
Gooding et al., 2006; Lenzenweger et al., 2000; Meyhöfer et al., 2015).
However, our decision to apply a threshold of 1.25 SD above the mean
was based on several studies that reported effects of schizotypy using
the same or even lower cut-offs (e.g., Koychev et al., 2012; Tsakanikos
and Claridge, 2005). Moreover, effects of schizotypy on measures of
oculomotor control have been found in the same sample that was ex-
amined in the present study (Meyhöfer et al., 2017).
4.3. Combined effects of sleep deprivation and schizotypy
In addition to testing the primary effects of schizotypy and sleep
deprivation, we explored whether the two model systems might be
particularly effective when used in combination. That is, cognitive
functioning in highly schizotypal individuals following sleep depriva-
tion might most closely resemble cognitive performance of schizo-
phrenia patients. However, we did not find any interaction effects. This
suggests that combining the two model systems is not necessarily su-
perior in terms of eliciting psychosis-like deficits than using only one of
them. This conclusion contradicts a recent finding demonstrating that
schizotypy and sleep deprivation indeed interact (Meyhöfer et al.,
2017). Again, however, this latter finding was based on the assessment
of oculomotor, rather than cognitive, biomarkers. This pattern corro-
borates our argument that measures of motor or perceptual functioning
might be more sensitive to the influence of schizotypy and sleep de-
privation, potentially making them more useful when studying model
systems of psychosis.
An important question that we were not able to address properly is
whether there are any gender differences that could have an impact on
the interaction between schizotypy and sleep deprivation. In an addi-
tional analysis with gender as another factor (Supplementary Table 1)
we did not find any interaction effects between gender, group and sleep
deprivation. However, due to the very low number of male participants
in the study, these results are highly inconclusive. The investigation of
such gender effects with higher sample sizes of both male and female
participants could be a valuable approach for future research.
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4.4. Conclusions
We provide further evidence for the hypothesis that sleep depriva-
tion might serve as a state model system of psychosis, although this
conclusion is restricted to the cognitive dimensions of inhibitory control
and working memory and the findings should therefore be treated with
caution. Our findings are less confirmative regarding the adequacy of
schizotypy as a trait model system of psychosis with regards to cogni-
tive biomarkers. Nevertheless, the idea of studying highly schizotypal
individuals to better understand the pathophysiology of psychosis
should not be rejected out of hand. We suggest that this hypothesis
should be evaluated further by assessing more basal biomarkers of
schizophrenia rather than complex cognitive deficits and/or extending
the duration of sleep deprivation.
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